Equatorial total ozone variations with time scales of annual, quasi-biennial, and about 4-year periodicities are described by paying attention to their longitudinal structure. Analyses are made for 11 years from 1979 to 1989, using the global total ozone data derived from the total ozone mapping spectrometer on board the Nimbus 7 satellite. Over the equator an annual cycle in total ozone is conspicuous. Zonal mean values are maximum around September and minimum around January. The longitudinal structure shows a zonal wavenumber 1 pattern with minimum values around 140øE to the date line all year-round, indicating a close relationship to a region where the convective cloud activity is vigorous. By removing the climatological annual cycle from the original data, there appears the quasi-biennial oscillation in total ozone. This variation is characterized by zonally uniform phase changes and is strongly coupled with the quasi-biennial oscillation of the equatorial zonal wind in the lower stratosphere. Moreover, subtracting zonal mean values from the anomaly data mentioned above, we see an east-west seesaw variation with a nodal longitude around the date line. This east-west variation, having a characteristic time scale of about 4 years, is clearly related to the E1Nifio and the Southern Oscillation cycle. During E1Nifio events the longitudinal anomaly field in total ozone is positive in the western Pacific and negative in the eastern Pacific; the anomaly pattern is reversed during anti-E1 Nifio events. Because the active region of convective clouds is located relatively in the eastern Pacific sector during E1 Nifio events, it is suggested that the stronger upwelling and the higher tropopause associated with the convective cloud activity bring about less total ozone. [1983] is the almost only one paying attention to the longitudinal structure of the total ozone QBO, by using the Nimbus 4 B UV and ground-based observations. He showed that the total ozone QBO is characterized by zonally uniform phase changes having larger amplitudes in the western hemisphere. His analysis was, however, based on the only 7 years of data and heavily depended on an interpolation scheme and filtering procedure.
INTRODUCTION
From October 1978 the total ozone mapping spectrometer (TOMS) instrument on board the Nimbus 7 satellite has been in operation to make total ozone measurements using the backscattered ultraviolet technique. (See a review paper of satellite ozone observations by Miller [1989] .) On the basis of the TOMS data, several findings have been achieved by virtue of its global coverage and homogeneity in space and time. One of the most important observational results is that Stolarski et al. [1986] confirmed a decrease of total ozone during the springtime at polar latitudes of the southern hemisphere and showed the phenomenon to be of continental size (a so-called ozone hole). However, less attention has been paid to total ozone variations at equatorial latitudes than at middle and high latitudes where strong longitudinal disturbances due to planetary waves are dominant during winter and spring.
At equatorial latitudes the quasi-biennial oscillation (QBO) in total ozone, which is dynamically coupled with the equatorial zonal wind and temperature QBO in the lower stratosphere, has been reported by several authors using the ground-based observations [e.g., Angell and Korshover, 1973; Hasebe, 1980] global total ozone fields on a semiregular latitude-longitude grid. Because the TOMS instrument measures backscattered solar ultraviolet radiation to provide daily total ozone maps, the latitudinal coverage does not extend into the polar night. The latitudinal resolution is 1ø and the longitudinal resolution is variable; 5 ø in longitude for 90 ø to 70 ø latitudes, 2.5 ø for 70 ø to 50 ø, and 1.25 ø for 50 ø to the equator. Details of the TOMS data are described by Bowman and Krueger [1985] and Bowman [ 1989] . To see the large-scale features and relieve the computational burden, we reduced the size of the data set; the GRIDTOMS fields were area averaged onto a 5 ø x 5 ø grid, then Fourier transformed to provide a zonal mean and coefficients for 12 longitudinal waves. As a decrease trend of total ozone has been observed especially at high latitudes of the southern hemisphere [e.g., Farman et al., 1985; Stolarski et al., 1986] , we removed such trend in zonal mean values for each latitude by subtracting a least squares fit on a maximum of the third order. Base values were retained so as to be the origin on January 1, 1983.
Using this daily 11-year data set, we calculated the climatological annual cycle by averaging the 11 years of data for each calendar day. The resulting time series was then smoothed by applying a 15-day running mean. Moreover, we calculated the daily anomaly by subtracting the annual cycle defined above from the original daily data. In order to see the long-term variation we also calculated monthly mean values from the original and anomaly daily data.
To make further investigations of the climatological temperature field in the lower stratosphere, we used the NOAAstratospheric sounding unit (SSU) data provided by the British Meteorological Office for the 10-year period from 1980 to 1989. The SSU data give geopotential heights for the following 11 constant pressure levels: 850, 500, 300, 200, 100, 50, 20, 10, 5, 2, and 1 mbar. As for the data processing, we followed a similar procedure to that for the TOMS data, except that the Fourier transform along latitude circles was done up to six longitudinal waves. The SSU data below 50 mbar are essentially the same as the tropospheric global data provided by the U.S. National Meteorological Center (NMC). Then, we found that the SSU data are not so homogeneous in time as the TOMS data, probably because the NMC analysis scheme was changed several times during this period. Therefore we judged that the use of the SSU data is not appropriate to discuss the interannual variation but the climatological annual cycle.
As a reference of the equatorial wind field, monthly mean zonal winds at Singapore (104øE, IøN) were calculated from the daily radiosonde data. The wind data are available on the following six pressure levels: 100, 70, 50, 30, 20, and 10 mbar. Concerning the temporal variation in zonal mean values, there is a secondary maximum in April and a secondary minimum in May, suggesting that a slight semiannual component is superimposed on the annual cycle. The location of minimum total ozone around the western Pacific is suggestive of the vigorous convective activity there. We will discuss interpretations of these features after presenting Figure 3 .
To provide a background for a better understanding of the annual cycle in the total ozone field, we next investigate the temperature field in the lower stratosphere. routine rawinsonde data at a number of tropical Pacific stations, Reid and Gage [1981] found that the tropical Pacific tropopause is about 1-2 km higher and $ K colder during the northern hemisphere winter than during the northern hemisphere summer. On the basis of a model calculation, which demonstrates an annual variation in equatorial sea surface temperature (SST) with maximum values around April and minimum values around August, they proposed the following scenario: The higher SSTs at equatorial latitudes during the northern hemisphere winter provide much moisture and activate convective cloud system; then, the adiabatic cooling in the lower stratosphere associated with the Hadley circulation can produce the lower temperature and higher altitude of the tropopause.
If we accept the observation by Reid and Gage [1981] showing that the equatorial tropopause is higher during the northern hemisphere winter than during the northern hemisphere summer, though the mechanism of the tropopause height change is still not fully verified, we can infer that the change in tropopause height should have an influence on total ozone in the following way: The higher tropopause brings about the erosion of the ozone layer in the lower stratosphere; then, this will give less total ozone, if we assume that ozone mixing ratios below the tropopause, which is much less than the stratospheric ones, could be kept constant by such processes as prompt horizontal and vertical mixing. The higher tropopause also explains the lower temperature in the lower stratosphere. Moreover, this mechanism can be applied to the longitudinal distribution of total ozone; because the tropopause is probably higher and colder over the western Pacific where there is vigorous convective activity due to the higher SSTs, it will give less total ozone, as seen in . He found that the upward flux is a maximum during the northern hemisphere winter and a minimum during the northern hemisphere summer, which is consistent with the stronger planetary eddy forcing in the northern hemisphere than in the southern hemisphere. The stronger upward flux should be coupled with lower temperature associated with change in the adiabatic cooling in the equatorial lower stratosphere. Moreover, this annual variation in the strength of the cross-tropopause mass flux due to the greater stratospheric wave activity in the northern hemisphere winter may explain a part of the annual variation in total ozone through its advection effect; also, the seasonal variation of the cross-tropopause mass flux may be the main cause of the tropopause height changes. Thus the total ozone variation over the equator shows a primarily annual cycle affected by the tropopause height change, which may be associated with the upward mass flux, and a secondary semiannual cycle due to the swing of the minimum values resulting from the photochemical effect.
QUASI-BIENNIAL OSCILLATION (QBO)
Though the total ozone variation has a clear annual component over the equator, the annual cycle is modulated by much longer time scale variations, as can be seen in Figure Ib. Figure 5a Since a number of authors have already made analyses of the zonal mean total ozone QBO, we will not make a detailed discussion here; however, we will introduce briefly how the total ozone QBO is related to the dynamical (wind and temperature) QBO, following a discussion by Plumb and Bell [1982] : As for atmospheric phenomena having a long time scale like the QBO, the thermal wind balance holds even at equatorial latitudes; in the westerly (easterly) shear zone there is warm (cold) anomaly. This temperature field is sustained by the vertical motion; in the westerly (easterly) shear zone there is downward (upward) motion. In the lower stratosphere, where photochemical lifetime is longer than advective time scale, downward motion brings ozone-rich air from the above and upward motion brings ozone-poor air from the below. Thus in the westerly (easterly) shear zone the total ozone must increase (decrease). (7øN, 134øE) , as compared to Majuro (7øN, 171øE), and thus the difference in the tropopause potential temperature and also in the tropopause height between the two stations is correlated well with the SOI. These tropical tropopause properties related to the ENSO events support our results; the eastward movement of active convective region during the ENSO events should be accompanied with relatively higher tropopause in the eastern Pacific so as to reduce the total amount of ozone, as followed by the same mechanism explained in section 3.
Because the TOMS instrument cannot see through clouds, we have to be careful with the possibility of systematic errors in the TOMS retrievals as a result of cloud contamination. Very recently, using a simple mechanistic relationship based on the observed SST variation, Hasebe [1992] has successfully derived such ENSO-related variation in total ozone with an east-west seesaw pattern, as seen in Figure  7a ; his result convinces us that the variation seen in Figure  7 should not be simply due to the systematic error in the results, though his analysis spanned only 7 years and he basically noticed the variation in zonal component, but not the longitudinal seesaw pattern. Thus it can be summarized that the total ozone variation associated with the ENSO cycle consists of two major components from the east-west seesaw variation and the zonally uniform phase variation. The seesaw variation seems to be related to the longitudinal changes in the tropopause height associated with convective cloud activity due to the higher SSTs, while the zonal variation may be related to the modulation of the tropical Hadley cell.
SUMMARY
Using the 11-year TOMS data, we have found the following dominant long-term variations in the equatorial total ozone field, by paying special attention to the longitudinal structure.
Annual cycle. This variation has a longitudinal structure with a zonal wavenumber 1 pattern; the zonal mean values are maximum around September and minimum around January. The wave 1 pattern is persistent all over the year with minimum values around 140øE to the date line. There is a synchronous variation in the lower stratosphere tempera-ture, which is related to the variation in tropopause height [Reid and Gage, 1981] ; when the lower stratosphere temperature is lower, the tropopause is higher, then the erosion of the lower stratosphere ozone layer should give less total ozone. Thus the annual variation in total ozone could be mainly attributed to that in tropopause height, although a mechanism of the tropopause height variation is not yet clear. The wave 1 structure can also be regarded as the tropopause height variation in longitudinal direction; this longitudinal structure should be produced by the active convective cloud system in the western Pacific, which brings about the higher tropopause there.
QBO cycle. This variation shows zonally uniform phase changes and is clearly coupled with the equatorial zonal wind QBO in the lower stratosphere. The total ozone QBO can be easily attributed to the dynamical QBO through the variation of the vertical motion [Plumb and Bell, 1982] . In the course of this study it is found that the dynamical properties in the tropical lower stratosphere including the tropopause are very important to understand the total ozone variations. In particular, as a next step of this study, it would be interesting to investigate the nature of the tropopause and the annual variation of the lower stratosphere temperature. The scope of the investigation should be enlarged not only in the tropical latitudes but also in the middle and high latitudes, because the stronger planetary wave forcing in the winter hemisphere could modulate the upward motion in the tropical Hadley cell.
